The United Nation's Strategic Plan for Biodiversity 2011-2020 calls for reducing species extinctions, as it is increasingly clear that human activities threaten to drive species to decline. Yet despite considerable scientific evidence pointing to the detrimental effects of interacting threats on biodiversity, many species lack information on their exposure to cumulative human pressures. Using the most comprehensive global dataset on cumulative human footprint, we assess the extent of intense human pressures across 20,529 terrestrial vertebrate species' geographic ranges. We consider intense human pressure as areas where landscapes start to be significantly modified (a summed Human Footprint value at or above three on the index), which is where land uses such as pastureland appear. This threshold has been correlated with extinction risk for many species. We show that 85% (17,517) of the terrestrial vertebrate species assessed have >half of their range exposed to intense human pressure, with 16% (3328) of the species assessed being entirely exposed to this degree of pressure. Threatened terrestrial vertebrates and species with small ranges are disproportionately exposed to intense human pressure. Our analysis also suggests that there are at least 2478 species considered 'least concern' that have considerable portions of their range overlapping with these pressures, which may indicate their risk of decline. These results point to the utility of assessing cumulative human pressure data across species ranges, which may be a useful first step for measuring species vulnerability.
a b s t r a c t
The United Nation's Strategic Plan for Biodiversity 2011-2020 calls for reducing species extinctions, as it is increasingly clear that human activities threaten to drive species to decline. Yet despite considerable scientific evidence pointing to the detrimental effects of interacting threats on biodiversity, many species lack information on their exposure to cumulative human pressures. Using the most comprehensive global dataset on cumulative human footprint, we assess the extent of intense human pressures across 20,529 terrestrial vertebrate species' geographic ranges. We consider intense human pressure as areas where landscapes start to be significantly modified (a summed Human Footprint value at or above three on the index), which is where land uses such as pastureland appear. This threshold has been correlated with extinction risk for many species. We show that 85% (17,517) of the terrestrial vertebrate species assessed have >half of their range exposed to intense human pressure, with 16% (3328) of the species assessed being entirely exposed to this degree of pressure. Threatened terrestrial vertebrates and species with small ranges are disproportionately exposed to intense human pressure. Our analysis also suggests that there are at least 2478 species considered 'least concern' that have considerable portions of their range overlapping with these pressures, which may indicate their risk of decline. These results point to the utility of assessing cumulative human pressure data across species ranges, which may be a useful first step for measuring species vulnerability. © 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
A key goal of the United Nation's Strategic Plan for Biodiversity 2011-2020 is to reduce species extinctions. There is growing evidence that land-use change such as pastureland, agriculture, and urbanization, and human activities like overharvesting threaten to drive species to decline (Newbold et al., 2015; Tilman et al., 2017; Di Marco et al., 2018) . Yet previous efforts to study species habitat availability have primarily focused on vegetation intactness (Andr en and Andren, 1994; Betts et al., 2007; Maron et al., 2012) , but this does not capture cumulative threats that can impact species (e.g. Maxwell et al., 2016) even when their habitat appears to be intact (Barlow et al., 2016; Betts et al., 2017) . By taking advantage of recently available human footprint data, we capture cumulative pressures (Di Marco et al., 2018; Allan et al., 2019) , not only providing an initial understanding of how much low-pressure geographic range is available for species, but also delivering necessary results that can inform the urgency and specificity of conservation actions needed to avert species' declines.
We use the updated Human Footprint (Venter et al., 2016a) , a cumulative human pressure assessment that includes data on roads, built environments, human population density, railways, navigable waterways, pasturelands, and croplands, at a 1km 2 resolution globally (Venter et al., 2016a (Venter et al., , 2016b . The Human Footprint is the most comprehensive global human pressure dataset available (McGowan, 2016) , and given the nature of the input data, captures the greatest number of drivers of species declines (e.g. agricultural activity, urban development, transportation, energy production, and system modification; Maxwell et al., 2016) , and has been shown to explain extinction risk in globally threatened vertebrates (Safi and Pettorelli, 2010; Yackulic et al., 2011; Beans et al., 2012; Seiferling et al., 2014; Hand et al., 2014; Di Marco et al., 2018) . We identify intense human pressure as areas on the Human Footprint index that are composed of pressures at or above an index value of three, which is the equivalent to pastureland (Venter et al., 2016a) , a land use where habitat is considered functionally unavailable for many terrestrial vertebrate species that have been assessed (Fleischner, 1994; Newbold et al., 2015) . Recently, Di Marco and colleagues found that a value greater than or equal to three on the index was correlated with extinction risk in terrestrial mammals globally, and similar values held true across regions, even when compared to other factors such as species' traits, environmental conditions, and individual pressure layers (Di Marco et al., 2018) .
We first quantify the proportion of species ranges facing intense human pressure across 10,745 birds (Birdlife International and Handbook of the Birds of the World, 2017), 4592 mammals, 5000 amphibians, and 192 reptiles, with 4610 of the total being threatened (IUCN, 2017) . We focus on these taxa, as they are the only major terrestrial taxonomic groups that have been comprehensively assessed for their distribution and extinction risk (with the exception of reptiles, see Methods). We then investigate the extent of intense human pressure across taxonomic classes, species level of endangerment, and species range size. Lastly, we quantify changes in the extent of intense human pressure within species ranges between 1993 and 2009.
Methods

Species distribution data
We focused our analysis on terrestrial vertebrate classes (mammals, birds, reptiles, and amphibians). Spatial data on mammal, amphibian, and reptile distributions were obtained from the IUCN Red List of Threatened Species (IUCN, 2017), and bird distributions from BirdLife International (Birdlife International and Handbook of the Birds of the World, 2017). We excluded species that were considered data deficient ("DD") on the Red List, and removed individual range polygons that were considered extinct, thought to be extinct, or presence uncertain. We only included the remaining extant species' distributions that overlapped with the extent of the terrestrial Human Footprint datasets (Venter et al., 2016b) . We note that for reptiles, only chameleons, crocodilians, and sea snakes had been assessed comprehensively by the IUCN at the time of our analysis; as such, we only included reptiles when reporting on all species or on all threatened species, and do not report on reptiles for class-specific metrics.
Spatial data on human pressure
Recent advances in remote sensing coupled with bottom-up survey data have facilitated the development of a spatially explicit, high-resolution global dataset on human pressures across time steps (Allan et al., 2017) , which enables the quantification of the extent of human pressures on individual species (Di Marco and Santini, 2015; Allan et al., 2019) . We obtained data on the distribution of terrestrial human pressure for 1993 and 2009 from the global Human Footprint maps (Venter et al., 2016b (Venter et al., , 2016a . These maps are comprised of a cumulative spatial index of eight key human pressures at a 1 km 2 resolution including 1) built environments, 2) population density, 3) electric infrastructure, 4) crop lands, 5) pasture lands, 6) roads, 7) railways, and 8) navigable waterways. These eight individual pressures are scaled based on their estimated environmental impact and summed in 1 km 2 grid cells. Some pressures can co-occur while others are mutually exclusive; resulting in a combined global scale between zero and fifty where zero is little to no human pressure and fifty is extreme urban conglomerates.
Analyzing human pressure on species distributions
We intersected individual species ranges with both the 1993 and 2009 Human Footprint (Venter et al., 2016a,b) maps under a World Mollweide projection in a geographic information system using the tabulate area tool in model builder of ArcGIS (ESRI, 2017) , and outputs were managed in R statistical software (R Core Team, 2017) . This intersection resulted in a dataset with each species having the area of their range composed of each individual Human Footprint index value (index values of 0e50 as mentioned above). We then calculated the proportion of the species' range that is composed of each index value of the Human Footprint by dividing the area of a species' range for the respective index value by the total range size (with the sum of all proportions equaling one). We then sum the resulting proportions for each species starting at the Human Footprint value of three and above, as this is where landscapes start to be considered significantly modified. This threshold (a summed Human Footprint value at or above three on the index) has been used in previous studies for evaluating human pressure in ecosystems Jones et al., 2018) . Additionally, Di Marco and colleagues (Di Marco et al., 2018) recently found that the same threshold was a strong indicator of extinction risk in mammals globally, even when compared to other factors such as species' traits, environmental conditions, and individual pressure layers, and similar values held true across regions. We also assessed the proportion of a species' range containing summed Human Footprint index values of seven and above, which are considered to be areas where intense industrial agriculture and urbanization appear (Venter et al., 2016a) , for comparison.
Results
Of the 20,529 terrestrial vertebrate species assessed, we found that 85.3% (17,517) have >50% of their range exposed to intense human pressures and that 16.2% (3328) have no portion of their range free from intense human pressure (Table S1 ). We also found that all taxonomic classes are experiencing intense human pressure across the majority of their range, with 39.6% (1980) of amphibians having no portion of their range free from intense human pressure (Fig. 1A ), compared to mammals (15.2% [698]; Fig. 1B ) and birds (11.6% [1250]; Fig. 1C ).
Threatened species (those classified as vulnerable, endangered, and critically endangered on the IUCN Red List) are disproportionately exposed to intense human pressure compared to non-threatened species, even when comparing across range sizes (Fig. 2) . Threatened species have, on average, less than 12 percent of their range free from intense human pressure (Table S2) , with only 0.87% (40) of threatened species having their entire range free from intense human pressure (Table S1 ). Of the 4610 threatened species assessed, 90.8% (4185) have more than half of their range under intense human pressures, with 53.3% (2457) having no portion of their range free from this pressure (Fig. 1D ). We found that 70.9% (1453) of threatened amphibians have no portion of their range free from intense human pressure (Table S1) , with 39.4% (441) of threatened mammals and 37.5% (510) of threatened birds having no portion of their range free from this pressure (Table S1 ).
We found that species with small ranges have more of their distribution overlapping with intense human pressure compared to species with large ranges (Fig. 2) . This pattern is expected by random chance, since species with small ranges are the most likely ones to be fully covered by spatially aggregated regions of human pressure. However, we found that species with a median range size less than 100,000 km 2 have their entire distribution under intense human pressure (Fig. 2) . That is, 100% of range with intense human pressure for a species with range size less than or equal to the area of South Korea (larger than the area of 45% of countries). Therefore, intense human pressure is widespread even for species with moderately large range sizes.
Over the last two decades, intense human pressure has increased in extent by 4.5% across Earth's terrestrial surface (Venter et al., 2016a) (Table S3 ). For the terrestrial vertebrates assessed however, we found that intense human pressure has increased within their ranges by 6.1% on average (Table S2 ). This may indicate that the global increase in human pressure is occurring in species-rich areas (likely containing species with already restricted ranges, as shown above), with the number of species entirely exposed to intense human pressure in 2009 being 44.1% higher than it was in 1993, and the number of species entirely free from intense human pressure 37.6% lower (Table S1 ). Additionally, threatened species have experienced a 3.9% average increase in the proportion of their range exposed to intense human pressure over the two decade study period (Table  S2 ).
Discussion
The extent and condition of species ranges are some of the most important components of species' conservation status (Boakes et al., 2018) , and are key elements for determining extinction risk (IUCN, 2017) . Our results suggest that 85% of all terrestrial vertebrates assessed have more than half of their range exposed to intense human pressure (Table S1), and that this pressure has increased since 1993. We note that although the presence of intense human pressure is detrimental to many species (Di Marco et al., 2018) , some species can still persist in these areas (for example in agricultural and managed forestry lands [Phalan et al., 2011; Homyack et al., 2014; O'Bryan et al., 2016] ) and urban areas (McPherson et al., 2016; Braczkowski et al., 2018; O'Bryan et al., 2018) . However, many species that live in human modified habitats will do so at lower population density, with lower reproductive rates, and with drastic changes to behaviour than would be otherwise in more natural habitats. These changes can result in extinction debts for many species (Essl et al., 2015; Chen and Peng, 2017; Semper-Pascual et al., 2018 ). Yet as a further exploration of the intensity of human pressure on species, we adjusted the lower bounds of what The first column for each plot represents the number of species that have their entire range exposed to intense human pressure. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) Fig. 2 . Relationship between range size and proportion overlapping with intense human pressure for both threatened (red triangles) and non-threatened (black dots) terrestrial vertebrate species assessed. The plot on the left shows the median proportion of a species' range under intense human pressure for all species assessed with the specified median range size on the x-axis or smaller. For example, this shows that species with median range sizes around or below 100,000 km 2 (10 5.0 km 2 ) have 100% of their range exposed to intense human pressure, and that threatened species are 100% exposed regardless of median range size. The plot on the right shows the total number of species in the dataset with the specified median range size or smaller for both threatened and nonthreatened species. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) is considered intense human pressure for many vertebrates (i.e. pastureland) to start at industrial-level agriculture (pressures at or above a value of seven; Venter et al., 2016a) . We found that, even when shifting the lower limit to a more intense human pressure score, 40.5% (8308) of all species assessed and 50.7% (3230) of threatened species have more than half of their range under this intense human pressure (Table S4 ). This means that species able to persist in areas with some level of intense human pressure, such as pastureland, but not in areas where land is almost completely cleared for industrial agriculture and urbanization, may be at risk of decline. We recommend future research delve into the 'winners' and 'losers' at different levels of human footprint, perhaps by assessing whether habitat specialists are impacted more than habitat generalists by intense human pressure.
An important caveat to our work is that the Human Footprint data do not incorporate all pressures affecting biodiversity directly, such as anthropogenic climate change (e.g. Pecl et al., 2017) , pollution (e.g. Oita et al., 2016) , infectious diseases (e.g. Bower et al., 2017) , overexploitation (e.g. Braczkowski et al., 2019) and invasive species (e.g. Bankovich et al., 2016) , making it a conservative estimate of pressure (Jones et al., 2018) . However, some pressures such as invasive species and overexploitation are closely associated with pressures represented in the Human Footprint dataset, such as presence of roads and population density (Spear et al., 2013) . As such, while our results encompass well-established pressures that are partly driving the global extinction crisis (Maxwell et al., 2016) , additional refinement will be necessary to insure all ancillary pressures are included, as this is particularly important for taxonomic groups that are known to be sensitive to pressures that are not easily quantified. Furthermore, although human pressures may occur within species' ranges, these pressures may not evenly affect species, partially because individuals are not always evenly distributed throughout their geographic ranges and intense human pressure may not affect the majority of individuals and species in an assemblage. Lastly, the process of indexation that has been done with the Human Footprint does not allow us to point to direct actors of change (e.g. agriculture or urbanization) at local and global scales. Capturing the nuances of species use within their distributions and their sensitivity to interacting threats will be particularly helpful in enhancing the utility of cumulative human pressure data.
Range size and range reduction are two of the main values used to assess species extinction risk in the IUCN Red List, representing restricted population size and population decline over time (Visconti et al., 2016; Tracewski et al., 2016; IUCN Standards and Petitions Subcommittee, 2017; Ceballos et al., 2017; Santini et al., 2019) . Overestimating range size fundamentally undermines the assessment of species extinction risk and efficacy of conservation planning and action (Jetz et al., 2008; Di Marco et al., 2017) . Our approach may be useful as a first pass to assess range availability, assuming areas exposed to intense human pressure are functionally unavailable to the species in question. For example, 832 (42.9%) vulnerable species would have a potential Area of Occupancy (AOO) smaller than the 500 km 2 threshold that classifies endangered species under Red List sub-criterion B2 (Mace et al., 2008) , if AOO is inferred from the extent of range free from intense pressure (Fig. 3A) . Thus, if these 832 species already show evidence of population decline, fragmentation, or extreme fluctuations (at least two of these attributes must verify in order for criterion B to be applicable), then they could be deemed as endangered (Mace et al., 2008) . The same logic might apply to species that are not currently acknowledged as threatened on the IUCN Red List (Bland et al., 2015) . For example, 2478 (17.5%) least concern species could be considered threatened under the range-loss criteria B2 of the IUCN (2000 km 2 ) if incorporating intense human pressure (Fig. 3B ). This has implications for how we view species' vulnerability, and also for efforts aimed at prioritizing funding and conservation action for currently acknowledged threatened species (Di Marco et al., 2018) .
Conclusion
We show that considering cumulative human pressures has the potential to improve how we assess species' vulnerability, with subsequent benefits for many other areas of conservation. For example, our approach could be used as an initial examination of pressure within known species' geographic ranges, especially when resources are limited. This information could also inform necessary species and ecosystem-specific habitat retention and restoration targets (Maron et al., 2018) . It can highlight areas where species are substantially exposed to intense human pressure (thus prioritizing habitat restoration and threat abatement in order to reopen viable space for species persistence [Allan et al., 2017 [Allan et al., , 2019 Newmark et al., 2017] ) and areas where species still have large swaths of their range free from intense human pressure (thus prioritizing the protection of existing quality habitat, but could also be under threat from future human actions [Noss et al., 2012; Venter et al., 2014; Watson et al., 2014] ). This information can aid current assessments of progress against the 2020 Aichi Targets (especially Target 12, which deals with preventing extinctions and Target 5, and deals with preventing the loss of natural habitats), and for conversations around post-2020 targets.
As intense human activities spread, habitat becomes lost to many species, and their populations will likely decline (Di Marco et al., 2014; Di Marco and Santini, 2015) . Our work suggests that intense human pressure is widespread within the ranges of the terrestrial vertebrates assessed. For a clearer picture on the status of species, we advocate for utilizing cumulative human pressure data, alongside other measures such as species habitat preferences and abundance (e.g. Santini et al., 2019) , to identify areas within their ranges that are at a higher risk from cumulative anthropogenic threats, and where conservation action is imminently needed to ensure they have enough range to persist. Given the growing human influence on the planet, time and space are running out for biodiversity, and we need to prioritize actions against these intense human pressures.
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The authors declare that they have no known competing financial interests or personal relationships that could have appeared to influence the work reported in this paper. Fig. 3 . Hypothetical range change after removing areas with intense human pressure for species listed as 'vulnerable' and 'least concern'. (A) Range size frequency for species considered 'vulnerable' by the IUCN (IUCN, 2017) (dark grey bars) against the range size frequency for the same species after removing areas with intense human pressure (red bars). We find that 832 (42.9%) vulnerable species could be considered for being listed as endangered if areas with intense human pressure were removed from the range (using sub-criterion B2 of the IUCN (IUCN, 2017), a 500 km 2 threshold denoted by the vertical dashed line). (B) For species considered 'least concern' by the IUCN, 2478 (17.5%) could be considered for listing as threatened (using sub-criterion B2 of the IUCN (IUCN, 2017), a 2000 km 2 threshold denoted by the vertical dashed line). The first column for both (A) and (B) represents the number of species that have their entire range exposed to intense human pressure. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
